The optical characterization of type II Zn 0.97 Mn 0.03 Se/ZnSe 0.92 Te 0.08 multiple-quantum-well structures have been studied using photoluminescence (PL), temperature-dependent PL, polarized PL, power-dependent PL, and photoreflectance (PR) in this study. The PL data reveal that the band alignment of the ZnMnSe/ ZnSeTe system is type II. Comparing with the theoretical calculation based on the Schrodinger equation, the valence band offset is estimated to be 0.6 eV. From the power-dependent PL spectra, it is observed that the peak position of PL spectra shows a blueshift under different excitation power. The blueshift can be interpreted in terms of the band-bending effect due to spatially photoexcited carriers in a type II alignment. The thermal activation energy (E A ) for quenching the PL intensity was determined from temperature-dependent PL spectra. The thermal activation energy was found to decrease as the thickness of ZnMnSe and ZnSeTe layers decreased. The polarized PL spectra exhibit a large in-plane polarization with the polarization degree up to 50%. The polarization does not depend on the excitation intensity as well as temperature. The large polarization is an inherent orientation of the interface chemical bonds. The higher transition features observed in PR spectra show a blueshift with the similar trend observed in the PL spectra as decreasing the thickness of ZnSeTe layer. This result provides a consistent evidence for the assumption that square-like well shapes were built in the ZnSeTe layers.
Introduction
Wide-gap II-VI semiconductor materials have been successfully applied in a variety of optoelectronic devices, e.g., photodetectors and light sources for the UV, blue and green spectral regions [1, 2] . In recent years the incorporation of diluted-magnetic-semiconductor (DMS) layers in quantum-well structures has attracted a lot of attention due to its potential applications in quantum computation, as well as its interesting physical properties of building materials. A spin injector, or spin aligners, consisting of II-VI compound DMS heterostructures, as well as III-V compound semiconductor heterostructures have been fabricated [3, 4] . In order to improve the performance of the devices or develop new applications, we need to have a comprehensive understanding of the physical properties of the building materials. The ZnMnSe layer has been served as a spin carrier selection valve in spin-LED [5] . The ZnSeTe layer is a strong iso-electronic hole-trapping material, which can be used as a memory storage site with a size of less than 1 nm [6] . In this work, we present the interesting optical properties of ZnMnSe/ZnSeTe multiple-quantum-wells (MQWs). From the PL spectra, we found that the band alignment of the ZnMnSe/ ZnSeTe system is type II. Comparing with the theoretical calculation based on the Schrödinger equation, 
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Paper the valence band offset can be estimated. The thermal activation energy was determined from the temperature-dependent PL spectra. The activation energy with the different thickness of ZnMnSe or ZnSeTe layers was also investigated. A large in-plane polarization is observed in polarized PL measurements. It is attributed to an inherent orientation of the interface chemical bands. The excitation power-dependent PL results reveal a giant blueshift of the peak energy. It can be explained in terms of the band-bending effect due to the spatially separated photoexcited carriers in a type II bandgap alignment. For PR spectra the optical features corresponding to the ground and excited state transitions were found and discussed.
Experimental
The Zn 1-x Mn x Se/ZnSe 1-y Te MQWs studied in this work were grown on GaAs substrates by molecular beam epitaxy (MBE) system and consisted of the following layers, listed in order from substrate to surface: a ZnSe buffer layer (220 nm), a 10 period stack of Zn 0.97 Mn 0.03 Se/ZnSe 0.92 Te 0.08 MQWs. For the first set of samples, the thickness of the ZnSeTe (W 1 ) layers is fixed at 20 nm while the thickness of ZnMnSe (W 2 ) layers is varied among 5, 3, and 1 nm, respectively. These three samples were recognized as sample A, B, and C, respectively. For the second set of samples, the thickness of the ZnMnSe layers is fixed at 20 nm while the thickness of ZnSeTe layers is varied among 5, 3, and 1 nm, respectively. These three samples were recognized as sample D, E, and F, respectively. For PL measurements, the sample was excited by a He-Cd laser (325 nm, 18 mW). the spectra were dispersed by a PTI 0.25 m monochromator, and detected by a photomultiplier tube (PMT). For polarized PL measurement, a linear polarizer has been placed in front of the monochromator to record the PL signal polarized at different polarization angles. A closed cycle helium refrigerator equipped with a heater and a temperature controller to control the temperatures varying in the range between 15 and 300 K. The PR measurements were performed using a 150 W Xeon lamp filtered by a PTI 0.25 m monochromator to provide the monochromatic light which is chopped at 200 Hz. A He-Cd laser, chopped at 250 Hz, was employed to provide the modulating source. The laser light intensity was reduced to about 5-10% of its initial value by using a neutral density filter. The laser beam overlaps the monochromatic probe beam on a spot of the sample surface. The reflected light was detected by a PMT and the signal was recorded by a lock-in amplifier with a reference signal working at frequency of 450 Hz to diminish the effect of scattering light.
3 Results and discussion Figure 1 shows PL spectra of the first set of samples taken at 15 K. A small blueshift of 54 meV was found as the thickness of ZnMnSe layer decreases from 5 nm to 1 nm. Figure 2 shows PL spectra of the second set of samples taken at 15 K. A larger blueshift of 198 meV was observed when the thickness of ZnSeTe layer reduces from 5 nm to 1 nm. Both in Figs. 1 and 2, the spectra are displaced vertically for clarity. The bandgap of ZnMnSe and ZnSeTe is near 2.8 and 2.7 eV at 15 K, respectively. It is observed that the PL peak energy is much smaller than the bandgaps of composing materials. This result confirmed that the band alignment of the ZnMnSe/ZnSeTe system is type II. In ZnMnSe/ZnSeTe MQWs, electrons are confined in the ZnMnSe layers and holes are localized in the ZnSeTe layers. The PL signal is generated from the recombination of the accumulated electrons and holes near the interface. So the emission peak located at the photon energy smaller than the bandgaps of ZnMnSe and ZnSeTe.
For samples A, B, and C, as the thickness of ZnMnSe layer decreases from 5 to 1 nm, only a small blueshift of 54 meV is observed. This value is much lower than the calculated data based on a square well assumption. For samples D, E, and F, the thickness of ZnMnSe layer is fixed at 20 nm. Figure 3 presents the blueshift of experimental data (solid squares) and theoretical calculation results (solid curves) versus hole-well width at different offset values, in which the experimental and theoretical values of sample D were used as reference for calculating the blueshift. The change in quantized fundamental energy level, calculated by assuming a square ZnMnSe well, matches measured blueshift by setting the valence band offset as 600 meV and the effective mass of holes as 0.6m 0 . Figure 4 shows the PL spectra of sample A for the emitted radiation polarized along 110 · Ò and 1 10 · Ò direction. In type-II QW structures the spatially indirect transitions, which arise from the electron-hole wave function overlap within an extremely narrow region adjacent to the interface, contain information about interface properties. The polarization direction is related to the interface bond directions in different interfaces [7] . The interfaces in ZnMnSe/ZnSeTe heterostructure mainly consist of Zn-Se and Se-Zn bonds. If we take the growing direction as z-axis and assume the bond direction of Zn-Se is parallel to axis 110 · Ò, then the bond direction of Se-Zn would be parallel to axis 1 10 · Ò. The chemically different bonds are located on different atomic planes.
The normalized PL peak intensity versus the angles of the analyzer for sample A is presented in the inset of Fig. 4 . Open squares are experimental data and the curves are the fits to 
In this study we observed that the polarization degree obtained from the samples of set two (40 to 60%) is larger than that in the samples of set one (25 to 35%). It may due to a larger built-in electric field resulting from a larger strain in ZnSe buffer layer which is observed by modulation spectroscopy. The temperature-dependent PL spectra taken from sample B are presented in Fig. 5 as an example. As the temperature increases, the PL intensity drops rapidly and the transition peaks show a redshift, which is due to the decrease in the bandgap energy. The temperature-dependence of the integrated PL intensity (I PL ) could be expressed as
where T is the temperature, B k is the Boltzmann contant, 0 I is the integrated PL intensity near 0 K, A is a constant, and E A is the thermal activation energy. E A is responsible for the quenching of PL intensity in the temperature-dependent spectra. The measured values of integrated PL intensity are fitted using Eq. (2), and then the theoretical curve consists with the experimental data. Therefore, the thermal activation energy E A of the MQW structures can be obtained. The temperature-dependent PL spectra of the other samples have also been performed and similar optical characteristics have been found. Figure 6 summarizes the obtained thermal activation energy of sample A-F versus the thickness of the ZnMnSe or ZnSeTe layer. The thermal activation energy obtained by this method is usually considered as the total binding energy, which includes the confinement energy of electrons or holes and the exciton binding energy. We found that reducing the thickness of ZnMnSe or ZnSeTe layers makes E A to decrease. The temperature-induced quenching of luminescence in the MQW structures proceeds mainly from thermal emission of charge carriers out of confined quantum-well states into barrier states [8] . The subband energies of electron-or hole-well are increased for samples with smaller ZnMnSe or ZnSeTe well thickness. Therefore the reduced delocalization energy facilitates the escape of the electrons or holes from the well. Figure 7 presents the PL spectra of sample C under different excitation intensities at 15 K. A giant blueshift under the different excitation intensities was observed. The PL peak shows a shift of about 17 meV when the pumping intensity increases from 0.37 to 5 mW. In type II heterostructures, the electrons and holes are confined in different layers. This giant blueshift can be attributed to the band-bending effect. The band-bending effect is caused by spatially separated potoexcited carriers, in which electrons are confined in the ZnMnSe layer and holes are confined in the ZnSeTe layer. The separated electrons and holes introduce an electric field and cause the bending of the energy band, and then change the overlapping of the electron and hole wave functions. The photoluminescence is generated from the recombination of the accumulated electrons and holes near the interface. When the power increases, the band- 
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Photon Energy (eV) bending effect becomes more pronounced. The accumulated electrons and holes will be confined in a narrower region near the interface. An increase in the excitation density raises the level of the confining potential, and the electron quantization energy is elevated and the blueshift occurs. The electron quantization energy is thus expected to increase proportionally with the third root of the excitation density [9] . Figure 8 shows the relation between the PL peak position and the third root of the excitation energy power. For samples of the same hole well thickness, sample D, E, and F, the blueshift of the PL peak is about 8 meV. Their wide electron well (20 nm) leads to weak built-in electric field accounts for the small blueshift. On the other hand, for sample A, B, and C the blueshift are 10, 11, and 17 meV, respectively. When the thickness of ZnMnSe layer decreases, the band-bending effect is more pronounced and leads to a larger blueshift. Figures 9 and 10 present the PR spectra and the corresponding PL spectra of the sample A, B, C; and sample D, E, F, respectively. For sample B and C, broadened PR features occur at energies corresponding to PL peaks. The key mechanism of PR measurement is absorption modulation, so the broadened PR features of sample B and C reveal the information of absorption transitions. In addition, the PL peaks originate from the recombination of the accumulated electrons and holes near the interface. Based on this fact that both PR and PL spectra show transition features at the same energies, we can understand that 
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Paper the potential well in conduction band is partially filled with electrons. Moreover, the PL spectrum of sample A does not show an absorption bump at the peak energy of PL spectrum but presents another absorption lobe at higher energy. We propose that the lower quantized state in the electron well is fully filled and no absorption transition is allowed. A higher energy state is not filled with electrons, so the absorption lobe at higher energy is revealed. The similar higher transition energies are observed in the PR spectra of sample D, E and F, which are composed of wide (20 nm) electron wells. These spectral features show a blueshift with the similar trend observed in PL spectra as decreasing the thickness of ZnSeTe layer. It is attributed to the transition coming from the quantized state in the hole well to the higher quantized state in the electron well. In Fig. 10 the optical feature locates around 1.9 eV could be assigned as an optical transition related to defect states.
Conclusions
We have performed the optical characterization of ZnMnSe/ZnSeTe MQW structures grown by molecular-beam epitaxy using PL, excitation power-and temperature-dependent PL, polarized PL and PR measurements. From PL measurements, we confirmed that the band alignment of the ZnMnSe/ZnSeTe system is type II. We also determined the valence band offset is about 600 meV by matching the theoretical calculation with the experimental data. In the temperature-dependent PL spectra, the thermal activation energy was determined. The activation energy tended to decrease as the thickness of ZnMnSe and ZnSeTe layers decreased. From the polarized PL measurements, we found that the PL spectra exhibit a large in-plane polarization at the different angles of polarization. This large polarization is an inherent orientation of the interface chemical bonds. From the power-dependent PL spectra, a large blueshift is found and can be explained by electron band-bending effect in a type II alignment. For PR measurements, the higher transitions were observed and supported that the lower quantized electron levels are filled.
